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Orexin-A Exerts Neuroprotective Effects via OX1R in Parkinson’s Disease
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Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by progressive and selective death of dopaminergic neurons. Orexin-A is involved in many biological effects of the body. It has been reported that orexin-A has protective effects in cellular models of PD. However, little is known about the protective effects of orexin-A in animal parkinsonian models and the cellular mechanism has not yet been fully clarified. The aim of this study was to evaluate the effects of orexin-A in MPTP mice model of PD as well as the possible neuroprotective mechanisms of orexin-A on dopaminergic neurons. The results from animal experiments demonstrated that orexin-A attenuated the loss of dopaminergic neurons and the decrease of tyrosine hydroxylase (TH) expression in the substantia nigra, normalized the striatal dopaminergic fibers, and prevented the depletion of dopamine and its metabolites in the striatum. MPTP-treated mice showed cognitive impairments accompanied with significant motor deficiency. Orexin-A improved MPTP-induced impairments in both motor activity and spatial memory. Importantly, orexin-A increased the protein level of brain-derived neurotrophic factor (BDNF) in dopaminergic neurons of the substantia nigra. Furthermore, the protective effects of orexin-A on MPTP parkinsonian mice could be blocked by orexinergic receptor 1 (OX1R) antagonist, SB334867. In another set of experiments with SH-SY5Y dopaminergic cells, orexin-A significantly induced the expression of BDNF in a dose and time-dependent manner. The upregulation of BDNF is mainly concerned with PI3K and PKC signaling pathways via OX1R. The present study demonstrated that orexin-A exerted neuroprotective effects on MPTP parkinsonian mice, which may imply orexin-A as a potential therapeutic target for PD.
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INTRODUCTION

Parkinson’s disease is the second most common chronic neurodegenerative disease characterized by progressive loss of dopaminergic neurons in the SNpc (Hornykiewicz and Kish, 1987). The incidence of PD in the population over 55 years old is about 1% and the cardinal symptoms of PD include resting tremor, bradykinesia, muscle rigidity, postural instability, and usually companied with cognitive impairment, mental disorder, and other non-motor symptoms (Meerwaldt and Hovestadt, 1988; Beitz, 2014). The cause of PD is not fully understood, but several factors including gene mutation, oxidative stress, mitochondrial dysfunction, neurotransmitter toxicity, failure of protein homeostasis appear to be associated with the development of PD. The most common treatment for PD is symptom management. The dopamine precursor levodopa is the most widely used clinical drug (Hornykiewicz, 1975), which could only attenuate the symptoms, but fails to halt the progressive degeneration of dopaminergic neurons in the substantia nigra. In recent years, many efforts were devoted to find endogenous neuroprotective mediators to stop or reverse the degenerative changes of dopaminergic neurons in the substantia nigra.

Orexins, consisting of orexin-A and orexin-B, belong to hypothalamic neuropeptides derived from a common precursor named prepro-orexin (Peyron et al., 1998; Sakurai et al., 1998). Two types of specific G-protein-coupled receptors, orexinergic receptor 1 (OX1R) and orexinergic receptor 2 (OX2R), are involved in the functions of orexins. Cell bodies of orexinergic neurons are strictly localized in the lateral hypothalamic/perifornical area (LH/PFA) (Sakurai et al., 1998), but their fibers are widespread in entire brain. Orexinergic receptors are located in many brain structures, such as cortex, hippocampus, amygdala, thalamus, hypothalamus, and basal ganglia (Hervieu et al., 2001). It is known that orexins play important roles in the regulation of sleep, feeding behavior, energy homeostasis, neuroendocrine, and autonomic control. The activity of orexinergic system decreases with aging, which has been implicated in many neurodegenerative disorders (Zhang et al., 2013; Li et al., 2014; Hu et al., 2015; Chieffi et al., 2017a).

In addition, orexinergic systems also play an important role in motor control (Zhang et al., 2011, 2013; Hu et al., 2015; Chieffi et al., 2017a). Most of the central motor control structures are innervated by orexinergic fibers (Hu et al., 2015). More importantly, all the basal ganglia nuclei, including the globus pallidus, the subthalamic nucleus, the substanita nigra, and the striatum are innervated by orexingeric fibers (Cutler et al., 1999; Schmitt et al., 2012; Dell et al., 2013). Numerous studies demonstrated that orexinergic systems are closely correlated with PD (Yasui et al., 2006). It was reported that parkinsonian patients display significant loss of orexinergic neurons in post-mortem exams (Fronczek et al., 2007; Thannickal et al., 2007). Experiments with 6-hydroxydopamine (6-OHDA)-induced rat model of PD revealed that the number of orexinergic neurons in the lateral hypothalamus decreases significantly (Cui et al., 2010). Furthermore, the orexin levels in plasma and cerebrospinal fluid decrease dramatically in parkinsonian patients (Drouot et al., 2003; Fronczek et al., 2007; Thannickal et al., 2007; Baumann et al., 2008). These reports implied the important role of orexinergic systems in PD. Recent studies revealed that orexin-A has neuroprotective effects in cellular models of PD. Orexin-A protects SH-SY5Y cells against 6-OHDA (Esmaeili-Mahani et al., 2013; Pasban-Aliabadi et al., 2017) or MPP+ (Feng et al., 2014) induced toxicity. However, little is known about the exact role of orexin-A in the animal models of PD, and the protective mechanisms of orexin-A on the nigral dopaminergic neurons.

Brain-derived neurotrophic factor is a neurotrophin widely expressed in the mammalian brain, and known to have neuroprotective effects on dopaminergic neurons and cognitive processes. Recent studies suggested some functional correlation between orexin-A and BDNF. Both orexin-A and BDNF exert antidepressive-like effect and memory facilitatory action (Chieffi et al., 2017a,b). Parkinsonian patients have low levels of BDNF (Scalzo et al., 2010) and orexin-A (Drouot et al., 2003). Exercise increases the levels of BDNF and orexins (Messina et al., 2016; Chieffi et al., 2017a,c). Numerous studies have demonstrated the potent protective effects of BDNF on dopaminergic neurons in animal parkinsonian models (Tsukahara et al., 1995; Fumagalli et al., 2006; Stahl et al., 2011), and BDNF is considered to be involved in the beneficial effects of exercise in PD (Real et al., 2013; Angelucci et al., 2015). However, studies about the neuroprotective effects of orexins in parkinsonian models are limited and little is known about the possible relationship between orexins and BDNF.

In the present study, we elucidated the effects of orexin-A on MPTP-induced C57BL/6 mice model of PD. In addition, we further investigated the relationship between orexin-A and BDNF in nigral dopaminergic neurons and in SH-SY5Y human dopaminergic neuroblastoma cells.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice at the age of 10 weeks, weighing 22–26 g, were used in this study. Animals were housed under a 12-h light/dark cycle with food and water available. The experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023) and its 1978 revision, and were approved by the Animal Ethics Committee of Qingdao University. All efforts were made to minimize the number of animals used and their suffering.

Establishment and Administration of MPTP-Induced Mouse Model of PD

The schematic diagram (Figure 1) depicted the schedules of the animal experiments. Firstly, mice were anesthetized with chloral hydrate (400 mg/kg, i.p.) and placed in a stereotaxic frame. A guide cannula with cannula cap of stainless steel stylet (62003 and 62102, RWD Life Science, China) was implanted into the lateral ventricle on the right side, 0.3 mm posterior, 1.0 mm lateral from the bregma, and 2.2 mm ventral from the skull surface (Paxinos and Franklin, 2004). The cannula was fixed to the skull with stainless steel screws and dental acrylic. After the cannulation, the mice were transferred to individual cages for at least 7 days of recovery. During the first 4 days after surgery, mice received intramuscular injection of penicillin (20,000 U/mouse/day) to prevent infection. After the recovery session, the mice were randomly divided into four groups (n = 20–22) and every mouse received both intracerebroventricular (i.c.v.) injection once per day for eight consecutive days and intraperitoneal (i.p.) injection once per day for the last five consecutive days. (1) Control group: mice received saline (i.c.v. and i.p.) injection; (2) MPTP group: mice received saline (i.c.v.) and MPTP (30 mg/kg, i.p.) injection; (3) Orexin-A + MPTP group: mice received orexin-A (300 ng/mouse, i.c.v.) and MPTP (30 mg/kg, i.p.) injection; (4) SB334867 + orexin-A + MPTP group: mice were pretreated with SB334867 (10 mg/kg, i.p.) 30 min before receiving orexin-A (300 ng/mouse, i.c.v.) and MPTP (30 mg/kg, i.p.) injection. In order to prevent infection, all the mice received intramuscular injection of penicillin (20,000 U/mouse/day) during the 8 days of injection. One day after the last injection of MPTP, six mice from each group were killed by cervical vertebra dislocation. The striatum and the substantia nigra were carefully isolated for high performance liquid chromatography (HPLC) analysis and protein extraction respectively. Other mice were subjected to a series of behavioral tests for motor activity (pole test and open field test) and spatial learning and memory (Morris water maze test).
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FIGURE 1. A schematic diagram depicted the experimental design in the present study. Schematic timeline representation for cannula placements of i.c.v. injections, recovery, pretreatment and administration of drugs or vehicles, pole test, open field test, and Morris water maze test. HPLC, high performance liquid chromatography; WB, western blot; MWM, Morris water maze; IHC, immunohistochemistry.



High Performance Liquid Chromatography With Electrochemical Detection (HPLC-EC) Analysis of DA and Related Metabolites in Striatum

Six mice from each group provided samples for HPLC. The levels of the striatal dopamine (DA) and its metabolites, 3, 4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), were determined by high-performance liquid chromatography equipped with a 2465 electrochemical detector. Briefly, striatum tissues were weighed and then homogenized in 100 μL liquid A (0.4 M perchloric acid). After initial centrifugation (120,000 rpm for 20 min at 4°C), 80 μL of the supernatant was transferred into the new eppendorf tubes, and 40 μL liquid B (20 mM citromalic acid potassium, 300 mM dipotassium phosphate, 2 mM EDTA⋅2Na) was added. After additional centrifugation (120,000 rpm for 20 min at 4°C), 100 μL of the supernatant was assayed for DA and its metabolites, DOPAC and HVA, by HPLC. Separation was achieved on a PEC18 reverse-phase column. The mobile phase consisted of 20 mM citromalic acid, 50 mM sodium caproate, 0.134 mM EDTA⋅2Na, 3.75 mM sodium octane sulfonic acid, and 1 mM disec-butylamine at 5% (v/v) methanol, with the flow-rate of 1 mL/min. A 2465 electrochemical detector (Waters, United States) was operated in screen mode. The results were presented as nanograms per milligram wet weight of brain tissue.

Behavioral Testing

Open field test (Harms et al., 2008) was used to assay the general locomotor activity. The open field tests were conducted using a square arena (26.5 cm × 26.5 cm × 35.5 cm). In each individual experiment, the mouse was placed into the center of the arena. Behaviors were video-taped for 10 min. Open field tests were performed on day 1 and day 7 after the cease of MPTP injection, and the total distance traveled in each group was calculated as the final results.

Pole test was used to assay movement disorders in mice (Matsuura et al., 1997). The mouse was placed head-upward on the top of a vertical rough-surfaced pole (diameter 1 cm, height 55 cm). The time to turn downward from the top (T-turn time) and to descend to the floor (T-LA time) was measured. Pole tests were conducted on day 2 and day 8 after the cease of MPTP injection.

Spatial learning and memory of the mice were tested by Morris water maze test (Morris, 1984). The circular water maze pool (120 cm in diameter, 30 cm deep) filled with water at 24 ± 1°C was located in a dimly lit room. An escape platform (10 cm in diameter) was submerged about 1 cm below the water surface, in a fixed position in one of the four quadrants (i.e., the target quadrant). Curtains surrounded the pool with distinct cues sticking on (Zhou et al., 2007 and Liu Q. et al., 2018). Mice were handled for 3 min per day over seven consecutive days before training and were trained daily over 7 days. On each training day, mice received four training trials presented in two blocks (inter-block interval 2 h, inter-trial interval 30 s). On each trial, the mice were put into the pool, facing the wall, in one of the six start locations and allowed to search for the platform. The time for the mice to find the platform was recorded as the escape latency, which indicated the learning ability. The animals were allowed to stay on the platform for 30 s if they were able to find the platform within 60 s. However, if an animal did not find the platform within 60 s, the animal was guided to the platform, allowed to remain there for 30 s and the escape latency was recorded as 60 s. On the third, fifth, and seventh days of training session, the spatial memory was evaluated by the probe test. The platform was removed, and the mice were then allowed to swim for 60 s in the pool. The time that the mice swam across the site where the platform was hidden (number of platform-crossing times), the relative time spent in the target quadrant (target quadrant time) and the total distance traveled were automatically recorded with a video connected to a computer. The mean value of escape latency, platform-crossing times, target quadrant time and the total distance traveled in each group were calculated as the final results.

Double Immunofluorescence Staining

Normal mice were anesthetized by chloral hydrate and were fixed with PFA solution (4% paraformaldehyde in 0.1 M phosphate buffer, pH = 7.4) through heart perfusion. The brains were removed and post-fixed in the PFA solution for 6 h and then cryoprotected in 20 and 30% sucrose at 4°C, respectively. After the dehydration, each brain containing the substantia nigra was cut into 20-μm-thick coronal sections on a freezing microtome (CM 1950, Leica, Germany). Non-specific binding was blocked with 5% BSA in PBS for 1 h. The sections were then incubated overnight with primary antibodies consisting of chicken anti-TH antibody (Abcam, 1:2,000) and rabbit anti-OX1R (Abcam, 1:100) or OX2R (Bioss, 1:200) antibody at 4°C for 36 h in a humidified chamber. Fluorescent isothiocyanate-conjugated goat anti-chicken IgG (Invitrogen, 1:500) and rhodamine-conjugated goat anti-rabbit IgG (Abcam, 1:500) were used as secondary antibodies. Finally, the sections were mounted on polylysine-coated slides and examined using an inverted fluorescent microscope (Axio Observer.A1, Zeiss, Germany). Negative control tests were run without primary or secondary antibodies.

TH Immunohistochemistry

After the last time of pole test, six mice of each group were sacrificed and perfused with 4% paraformaldehyde solution transcardially. Brains were sectioned into 20-μm-thick coronal sections on a freezing microtome. After PBS rinsing three times (5 min each), the sections were treated with 0.3% H2O2 for 10 min at room temperature to eliminate the endogenous peroxidase. After PBS rinsing, the sections were blocked in 5% BSA-PBS containing 0.03% TX-100 for 1 h at room temperature. The sections were firstly incubated with the primary antibody against TH (Millipore, 1:1,000) overnight at 4°C, and then washed in PBS and incubated with HRP conjugated goat anti-rabbit IgG, and the color was shown with DAB detection system, according to the instruction of Polink-1 HRP DAB immunochemistry kit (PV6001 and ZLI-9019, Zhongshan Golden Bridge, China). Finally, the sections were mounted on polylysine-coated slides, dehydrated through graded ethanol, and cleared in xylene and finally followed by coverslipping using permount mounting medium. Digital images of TH-ir neurons in substantia nigra were obtained using a bright-field microscope (DM 2500, Leica, Germany). The total number of TH-ir neurons was estimated bilaterally every 4th section through the extent of the substantia nigra of each brain. All sections were coded and examined blind. The survival rate of dopaminergic neurons in the SNpc was determined by comparing the number of TH-ir neurons of the tested group with that of the normal control group. Digital images of TH-ir fibers in striatum sections were obtained with a scanner (V370, Epson, Japan), and the optical density of the striatum was calculated using ImageJ software (NIH, United States).

Cell Cultures

Human neuroblastoma SH-SY5Y cells were obtained from Shanghai cell bank of Chinese Academy of Sciences. Cells were grown with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL), and maintained at 37°C in a 5% CO2 atmosphere. Cells were seeded on a 6-well plate and permitted to attach and grow for 24 h. After 24 h, the cells were incubated in serum-free DMEM. Various inhibitors, such as SB334867, LY294002, GF109203X, as selective OX1R antagonist, PI3K antagonist and PKC antagonist, respectively, were added 30 min before starting the experiment with orexin-A.

Immunoblotting

Samples from cells and animals were lysed in RIPA assay buffer supplemented with a protease inhibitor cocktail, and the protein concentration was determined using BCA protein assay kit (Beyotime, China). Equal amounts of proteins were loaded and separated by 10% SDS-PAGE or 12% SDS-PAGE. The proteins were transferred to PVDF membranes (Millipore, United States), and each membrane was blocked and then incubated with primary antibody at 4°C. After washing, the blots were incubated with HRP-conjugated secondary antibodies for 2 h. The staining was visualized by ECL detection reagents (Millipore, United States). Digital images were obtained using an imaging system (BioSpectrum 810, VUP, United States). The primary antibodies used were anti-TH (Millipore, 1:2,000), anti-OX1R (Abcam, 1:1,000), anti-PI3K (Bioss, 1:1,000), and anti-BDNF (Bioss, 1:1,000). Anti-mouse HRP (Abcam, 1:10,000) and anti-rabbit HRP (Sigma, 1:8,000) were used as secondary antibodies. Anti-β-actin (Bioss, 1:10,000) served as a loading control. The optical density and area of the protein band were calculated using ImageJ software (NIH, United States) from band densitometry. And the density values were expressed as tested proteins/β-actin ratio for each sample.

Drugs and Statistical Analysis

Unless otherwise stated, all chemicals were purchased from Sigma Chemical, Co. (St. Louis. MO, United States). Orexin-A and SB334867 were purchased from Tocris (Bristol, United Kingdom). LY294002 and GF109203X were purchased from ApexBio (Boston, MA, United States). Results shown in the figures were representative of at least three independent experiments. All values in the figures and the text were expressed as mean ± SEM. Data analysis was performed using IBM SPSS Statistics 22.0 software and Prism 5.0. The results were analyzed by one-way or two-way analysis of variance followed by a Bonferroni post hoc test for multiple comparisons. P < 0.05 was considered statistically significant.

RESULTS

Both of the Orexinergic Receptor Subtypes, OX1R and OX2R, Were Expressed in the Substantia Nigra Region

As shown in Figure 2, both of the OX1R and OX2R were expressed in the substantia nigra region and ventral tegmental area (VTA). TH was selectively expressed in the dopaminergic neurons. Double-labeling immunofluorescence showed that both OX1R (red, Figure 2A) and OX2R (red, Figure 2B) were co-localized with TH (green, Figures 2A,B) on the dopaminergic neurons in the SNpc. The present studies demonstrated that nigral dopaminergic neurons expressed two orexinergic receptor subtypes.
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FIGURE 2. Orexinergic receptor subtypes OX1R and OX2R co-localized with TH in the substantia nigra. Both of the OX1R (A) and OX2R (B) were expressed in the substantia nigra region and VTA. Double-labeling immunofluorescence showed the co-localization of TH (green in A,B) and OX1R (red in A) or OXR2 (red in B) on the dopaminergic neurons in the SNpc.



Orexin-A Reversed MPTP-Induced Motor Impairments via OX1R

The motor function of all the experimental groups was assessed by pole test and open field test on different days. In pole test, both of T-turn time (Figure 3A) and T-LA time (Figure 3B) were recorded on day 2 and day 8, separately. MPTP-treated mice showed significant motor disorders as indicated by an increase in T-turn time on day 2 (control: 0.77 ± 0.08 s; MPTP: 1.56 ± 0.15 s; n = 14, P < 0.001) and on day 8 (control: 0.52 ± 0.05 s; MPTP: 0.84 ± 0.06 s; n = 12, P < 0.001). However, orexin-A treatment significantly reduced the T-turn time compared with MPTP group on day 2 (orexin-A + MPTP: 0.89 ± 0.09 s; n = 14, P < 0.001), but not significant on day 8 (orexin-A + MPTP: 0.67 ± 0.04 s; n = 12, P > 0.05). Furthermore, MPTP-treated mice also showed an extended T-LA time on both day 2 (control: 4.95 ± 0.28 s; MPTP: 8.14 ± 0.42 s; n = 14, P < 0.001) and day 8 (control: 5.12 ± 0.30 s; MPTP: 10.26 ± 0.67 s; n = 12, P < 0.001). Orexin-A treatment significantly reduced the T-LA time compared with MPTP group on day 2 (orexin-A + MPTP: 5.97 ± 0.26 s; n = 14, P < 0.001) and day 8 (orexin-A + MPTP: 5.62 ± 0.37 s; n = 12, P < 0.001). OX1R selective antagonist SB334867 significantly attenuated the protective effect of orexin-A on both day 2 (SB334867 + orexin-A + MPTP: 7.68 ± 0.43 s; n = 14, P < 0.01) and day 8 (SB334867 + orexin-A + MPTP: 7.73 ± 0.38 s; n = 12, P < 0.05).
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FIGURE 3. Effects of orexin-A on the motor activity impairments induced by MPTP intoxication in pole test (A,B) and open field test (C). T-turn time (A) and T-LA time (B) in pole test were recorded on day 2 and day 8 after the cease of MPTP treatment. (C) Total distance traveled in 10 min-duration open field test was recorded on day 1 and day 7 after the cease of MPTP treatment. Values were mean ± SEM, n = 12–14. ∗P < 0.05, ∗∗∗P < 0.001 vs. control; ##P < 0.01, ###P < 0.001 vs. MPTP; Δ P < 0.05, ΔΔ P < 0.01 vs. orexin-A + MPTP. SB: SB334867.



Open field test was conducted on day 1 and day 7, in which the total distance traveled in the arena was calculated to assess the spontaneous activity of the mice (Figure 3C). The total distance traveled in MPTP group reduced on day 1 (control: 2545 ± 76.74 cm; MPTP: 1891 ± 99.31 cm; n = 14, P < 0.001) and day 7 (control: 2358 ± 87.99 cm; MPTP: 1937 ± 91.12 cm; n = 12, P < 0.05). MPTP-induced reduction of total distance traveled was significantly reversed by orexin-A treatment on day 1 (orexin-A + MPTP: 2444 ± 133.7 cm, n = 14, P < 0.01). SB334867 had some tendency to antagonize the effect of orexin-A on the same day (SB334867 + orexin-A + MPTP: 2171 ± 111.1 cm, n = 14, P = 0.128), although there was no significant difference. However, 7 days after last injection of MPTP, the total distance showed no difference between MPTP group and orexin-A treatment group. The results suggested that orexin-A-induced improvement in spontaneous physical activity of MPTP parkinsonian mice was temporary and not sustained longterm.

Orexin-A Improved MPTP-Induced Impairments in Spatial Learning and Memory

To determine whether impaired learning and memory of MPTP-intoxicated mice could be reversed by orexin-A, Morris water maze test was conducted on 9 days after the cease of MPTP injection. The latency of the animal to reach the hidden platform over the seven training days was shown in Figure 4A. MPTP-treated mice took longer time to find the hidden platform than the mice of control group. There was a significant difference in escape latency between MPTP group and control group on the fourth day (control: 19.45 ± 2.46 s, n = 10; MPTP: 34.03 ± 3.13 s, n = 8; P < 0.01), fifth day (control: 16.23 ± 2.73 s, n = 10; MPTP: 29.63 ± 2.75 s, n = 8; P < 0.05) and seventh day (control: 11.23 ± 2.34 s, n = 10; MPTP: 23.88 ± 2.90 s, n = 8; P < 0.05) of the training session. Orexin-A treatment obviously reduced the escape latency to a comparable level of control group, a statistical difference was found between orexin-A + MPTP group and MPTP group on the third day (MPTP: 35.84 ± 2.59 s, n = 8; orexin-A + MPTP: 23.39 ± 3.23 s, n = 9; P < 0.05) and fourth day (MPTP: 34.03 ± 3.13 s, n = 8; orexin-A + MPTP: 20.86 ± 2.68 s, n = 9; P < 0.05) of training. SB334867 obviously attenuated the improvement induced by orexin-A on the seventh day (orexin-A + MPTP: 12.08 ± 2.37 s, n = 9; SB334867 + orexin-A + MPTP: 24.72 ± 2.77, n = 8; P < 0.05) and had some tendency to attenuate the improvement on the third day (orexin-A + MPTP: 23.39 ± 3.23 s, n = 9; SB334867 + orexin-A + MPTP: 33.31 ± 3.47, n = 8; P = 0.170) and fourth day (orexin-A + MPTP: 20.86 ± 2.68 s, n = 9; SB334867 + orexin-A + MPTP: 30.44 ± 2.26, n = 8; P = 0.105). The results suggested that orexin-A treatment restored the spatial learning and memory impairment induced by MPTP, and the protective effect of orexin-A could be partially eliminated by SB334867.
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FIGURE 4. Effects of orexin-A on MPTP-induced impairments in spatial learning and memory. (A) Effects of orexin-A on escape latency at the training session. (B) Total distance traveled in the probe test on day 3, day 5, and day 7 of training. (C) Two hours after the second training trial, retention of memory was tested in the 60 s probe trial on day 3, day 5, and day 7 of training session, separately. Each value represented mean ± SEM, n = 8–10. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control; #P < 0.05, ##P < 0.01 vs. MPTP; Δ P < 0.05, ΔΔ P < 0.01 vs. orexin-A + MPTP. SB: SB334867.



In order to determine whether the improvement of orexin-A in escape latency is primarily due to the difference in swimming ability, the total distance traveled in probe test was analyzed as an indicator of motor activity (Figure 4B). The results showed that the total distance traveled in MPTP group reduced compared with control group in all test days. However, orexin-A treatment only induced weak recovery of the value, but there was no significant difference. These results indicated that orexin-A treatment improved the spatial learning and memory impairment in MPTP-intoxicated mice, which was not completely due to its positive effect on motor activity.

Similar protective effects of orexin-A on spatial memory ability were observed at the probe test on the third, fifth, and seventh days of training (Figure 4C). Numbers of platform crossing and target quadrant time of MPTP group significantly decreased compared with control group in all the probe tests. Orexin-A treatment significantly elevated the two parameters to a comparable level of control. The protective effect of orexin-A in probe test could be antagonized by SB334867. These results suggested that orexin-A significantly improved MPTP-induced impairments in spatial learning and memory mainly through OX1R.

Orexin-A Protected Dopaminergic Neurons Against MPTP-Induced Neurotoxicity

Orexin-A Attenuated the Depletion of Dopamine in the Striatum

High performance liquid chromatography analysis (Figure 5A) revealed that systemic injection of MPTP resulted in a significant depletion of DA and its metabolites, DOPAC and HVA, in the striatum. The DA levels of MPTP group reduced by 73.60% of control group (control: 11.93 ± 0.48 ng/mg; MPTP: 3.15 ± 0.44 ng/mg; n = 6, P < 0.001). Orexin-A-treatment significantly restored the level of DA concentration to 84.74% of control group (orexin-A + MPTP: 10.11 ± 0.68 ng/mg; n = 6, P < 0.001), and the protective effect of orexin-A could be antagonized by SB334867 (SB334867 + orexin-A + MPTP: 4.27 ± 0.34 ng/mg; n = 6, P < 0.001). Similar results were also observed in the levels of DOPAC and HVA. These data suggested that orexin-A conferred a significant protective effect against MPTP-induced DA depletion.
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FIGURE 5. Effects of orexin-A on DA levels and TH protein levels in the substantia nigra and striatum of MPTP-intoxicated mice. (A) HPLC analysis showing the striatal DA, DOPAC, and HVA levels in different groups (n = 6). (B) Immunohistochemistry showing the dopaminergic neurons in the substantia nigra and the dopaminergic fibers in the striatum of different groups. Photomicrographs of representative substantia nigra and striatal sections stained with TH antibodies. Quantitative analysis of TH-ir neurons in the substantia nigra (n = 6) and TH-ir fibers in the striatum (n = 4). (C) Immunoblot analysis showing the TH protein levels in the substantia nigra and striatum of different groups. Average protein level was quantified as ratios between TH and β-actin (n = 6). ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control; #P < 0.05, ###P < 0.001 vs. MPTP; Δ P < 0.05, ΔΔ P < 0.01, ΔΔΔ P < 0.001 vs. orexin-A + MPTP. OXA: orexin-A, SB: SB334867.



Orexin-A Attenuated the Reduction of Dopaminergic Neurons in the Substantia Nigra and Restored the Reduction of Dopaminergic Fibers in the Striatum

1-Methyl-4-phenyl-1, 2, 3, 6- tetrahydropyridine-treated mice showed a significant loss of TH-immunoreactive (TH-ir) neurons in the substantia nigra (Figure 5B). The survival ratio of nigral TH-ir neurons in MPTP mouse model decreased to 65.0 ± 3.4% of control group (n = 6, P < 0.001). Orexin-A treatment exerted significant protective effects on dopaminergic neurons against MPTP intoxication. Orexin-A treatment preserved as many as 81.3 ± 3.6% of control group, which was significantly different from that of MPTP group (n = 6, P < 0.05). SB334867 abolished the neuroprotective effect of orexin-A (n = 6, P < 0.01). Immunohistochemistry staining of the striatum showed that the number of TH-ir fibers of MPTP treated mice markedly reduced to 52.9 ± 5.8% of control group (n = 4, P < 0.01). Orexin-A treatment restored the TH-ir fibers up to 92.0 ± 11.1% of the control group (n = 4, P < 0.05), and the protective effect of orexin-A could be antagonized by SB334867 (n = 4, P < 0.01). The results from immunoblot analysis (Figure 5C) were in accordance with that from immunohistochemistry. These data demonstrated that orexin-A protected the dopaminergic neurons in the substantia nigra and restored the reduction of TH-ir fibers in the striatum induced by MPTP intoxication, and the protective effect could be antagonized by OX1R antagonist SB334867.

Orexin-A Increased the Protein Expression of BDNF in Nigral Dopaminergic Neurons

Brain-derived neurotrophic factor is a principal regulator of axonal growth and connectivity, neuronal differentiation, survival, and synaptic plasticity in mammals. BDNF has been demonstrated to be linked to neurodegenerative diseases due to the neuroprotective effects. Next, we determined whether BDNF is involved in orexin-A-induced protective effects in MPTP neurotoxicity. The protein levels of BDNF in the substantia nigra and striatum were detected by immunoblot analysis (Figure 6A). The results showed that MPTP treatment reduced the BDNF protein level to 57.4 ± 6.2% in the substantia nigra compared with the control group (n = 6, P < 0.001). Furthermore, orexin-A treatment restored the protein expression of BDNF up to 105.7 ± 6.4% of the control level (n = 6, P < 0.001), and SB334867 reduced the effect of orexin-A to 74.1 ± 6.5% of the control group (n = 6, P < 0.01). Similar results were observed from the striatum. Surprisingly, striatal BDNF in orexin-A + MPTP group elevated to 111.9 ± 6.7% of control group, although the increase was not significant (n = 6, P > 0.05). The results indicated that BDNF might be involved in the neuroprotective effects of orexin-A in the dopaminergic neurons.
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FIGURE 6. Effects of orexin-A on the protein expression of BDNF. (A) Immunoblot analysis showing the protein expression of BDNF in the substantia nigra and striatum of MPTP parkinsonian mice. Average protein level was quantified as ratios between BDNF and β-actin. (B) Immunoblot analysis showing the effects of orexin-A on protein expression of BDNF in the striatum after 3 days of orexin-A injection in normal mice. Average protein level was quantified as ratios between BDNF or TH and β-actin. Each value represented mean ± SEM, n = 6. ∗∗∗P < 0.001 vs. control; ###P < 0.001 vs. MPTP; ΔΔ P < 0.01, ΔΔΔ P < 0.001 vs. orexin-A + MPTP. SB: SB334867.



To determine whether orexin-A alone could induce the expression of BDNF in the striatum, 12 normal mice were divided into two groups, receiving orexin-A (300 ng/day) or vehicle (normal saline) i.c.v. injection for three consecutive days. The protein level of BDNF in the striatum was detected by immunoblot analysis (Figure 6B). The results showed that orexin-A significantly increased the protein level of BDNF in the striatum by 88.3 ± 8.1% (n = 6, P < 0.001). Furthermore, the protein level of TH increased by 44.6 ± 7.6% (n = 6, P < 0.001). These results suggested that orexin-A significantly induced the upregulation of BDNF and TH in the striatum of normal mice.

Orexin-A Increased the Expression of BDNF in SH-SY5Y Human Dopaminergic Neuroblastoma Cells

Human neuroblastoma SH-SY5Y is a dopaminergic neuronal cell line, which is widely used as an in vitro model for the study of PD. In this study, we used the SH-SY5Y cells to investigate the effects of orexin-A on the expression of BDNF and TH. Immunoblot analysis showed that SH-SY5Y cells expressed the proteins of OX1R, BDNF, and TH (Figure 7A). To observe the dose-dependent effect of orexin-A, SH-SY5Y cells were treated with orexin-A of different concentration (0.1, 1, 10, 100 nM) for 24 h (Figure 7B). Immunoblot analysis showed that at the concentration of 0.1 to 100 nM, orexin-A increased the expression of PI3K and TH in a dose-dependent manner. More importantly, orexin-A started to increase the expression of BDNF at 0.1 nM by 41.3 ± 6.5% (n = 4, P < 0.05), and the most significant BDNF expression was induced at the dose of 1 and 10 nM by two times of the control (n = 4, P < 0.001). However, when the dose of orexin-A increased to 100 nM, the protein level of BDNF had no further increase. Therefore, orexin-A at 1 nM was selected for the further experiments.
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FIGURE 7. Orexin-A increased the expression of TH and BDNF in SH-SY5Y human dopaminergic neuroblastoma cells. (A) Immunoblot analysis revealed the expression of OX1R, TH, and BDNF in SH-SY5Y cells. Original images of the blots are shown in Supplementary Figures S1–S5. (B) Protein expression of PI3K, TH, and BDNF in SH-SY5Y cells treated with orexin-A at various concentrations for 24 h. (C) Protein expression of PI3K, TH, and BDNF in SH-SY5Y cells treated with 1 nM orexin-A for different time periods. Average protein level was quantified as ratios between BDNF/TH/PI3K and β-actin. Data were presented as mean ± SEM of four independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control.



To observe the time-dependent effect of orexin-A, SH-SY5Y cells were treated with 1 nM orexin-A for 1, 3, 6, 12, and 24 h. The results showed that orexin-A increased the expression of BDNF, TH, and PI3K in a time-dependent manner (Figure 7C). The expression of PI3K rapidly increased by 72.6 ± 11.3% as soon as 3 h after orexin-A treatment (n = 4, P < 0.001), which maintained at high levels in the following 24 h. The protein level of BDNF began to increase at 6 h, and the increased rate was 44.8 ± 7.5% (n = 4, P < 0.05). The protein level of TH significantly increased at 12 h by 48.5 ± 7.9% (n = 4, P < 0.05). All of the three proteins reached significantly high levels at 24 h after orexin-A treatment. These results suggested that orexin-A induced the protein expression of BDNF and TH in a time and dose-dependent manner in the SH-SY5Y cells. The OX1R-mediated PI3K signaling pathway might be involved in orexin-A-induced effects.

PI3K and PKC Pathways Are Involved in Orexin-A-Induced BDNF Expression in Dopaminergic Neuroblastoma SH-SY5Y Cells

To determine the possible signaling pathways involved in the upregulation of BDNF and TH induced by orexin-A, OX1R antagonist SB334867, PI3K inhibitor LY294002 and PKC inhibitor GF109203X were employed in SH-SY5Y cells. Application of SB334867 (1 μM) completely blocked the protein upregulation of PI3K, BDNF, and TH induced by orexin-A (1 nM) (Figure 8A). Furthermore, both LY294002 (20 μM) and GF109203X (1 μM) abolished orexin-A-induced upregulation of BDNF and TH (Figure 8B). Therefore, the present experiments demonstrated that the orexin-A-induced expression of BDNF and TH in SH-SY5Y cells was mainly through the OX1R-mediated PI3K and PKC pathways.
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FIGURE 8. Effects of signaling pathway inhibitors on the expression of BDNF induced by orexin-A in SH-SY5Y cells. (A) Effects of OX1R antagonist (SB334867) on the protein levels of PI3K, TH, and BDNF induced by orexin-A. ∗P < 0.05, ∗∗P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. orexin-A. (B) Effects of PI3K inhibitor (LY294002) and PKC inhibitor (GF109203X) on the upregulation of TH and BDNF induced by orexin-A. Average protein level was quantified as ratios between BDNF/TH/PI3K and β-actin. Data were presented as mean ± SEM of three independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. orexin-A. Original images of the blots are shown in Supplementary Figures S6–S10.



DISCUSSION

Recent studies indicated that central orexin systems are associated with PD. The present study revealed that i.c.v. administration of orexin-A exerted neuroprotective effects on MPTP-induced C57BL/6 mice model of PD. Orexin-A treatment significantly protected the dopaminergic neurons in SNpc and improved the motor and cognitive impairments induced by MPTP intoxication. We demonstrated that orexin-A increased the protein expression of BDNF in the dopaminergic neurons of substantia nigra in both MPTP-treated mice and normal mice. The protective effects of orexin-A were mainly medicated by OX1R.

Both of the Orexinergic Receptor Subtypes OX1R and OX2R Were Expressed Abundantly on the Dopaminergic Neurons of SNpc

It was reported that moderate concentration of orexin-A is detected in the substantia nigra (Peyron et al., 1998), and the orexin fibers are observed in close proximity to TH-positive dendrites of the neurons in SNpc (Bensaid et al., 2015). Some researchers reported that both OX1R and OX2R are expressed in the substantia nigra (Hervieu et al., 2001; Marcus et al., 2001; Cluderay et al., 2002). However, in vitro whole cell patch-clamp recordings showed that dopaminergic neurons in the SNpc are unaffected by orexins (Korotkova et al., 2002). Therefore, whether functional orexinergic receptors are expressed on the dopaminergic neurons is controversial. In present morphological study, double immunofluorescence staining demonstrated that both of the OX1R and OX2R were expressed abundantly on the dopaminergic neurons in SNpc, suggesting a possible direct impact of orexins on nigral DA neurons. In addition, both OX1R and OX2R were also expressed in the substantia nigra pars reticulata and VTA, and no clear difference in the density of OX1R or OX2R was observed between VTA and substantia nigra.

Orexin-A Significantly Protected the Dopaminergic Neurons in SNpc and Improved the Motor and Cognitive Impairments Induced by MPTP Intoxication

It is well-known that motor and cognitive impairments occur in PD. In present study, MPTP-induced parkinsonian mice showed obvious impairments in both locomotion and cognition. Orexin-A treatment produced dramatically protective effects on both behavioral performance and pathological changes in MPTP-treated mice. Behavioral studies showed that orexin-A treatment improved the performance of MPTP-treated mice in pole test, open field test (Figure 3) and Morris water maze test (Figure 4). These findings indicated profound neuroprotective effects of orexin-A on motor coordination, spontaneous locomotion and spatial memory in MPTP parkinsonian mice. Furthermore, HPLC analysis showed that orexin-A prevented the depletion of DA and its metabolites in the striatum of MPTP mice. Moreover, the present immunohistochemistry provided morphological evidence for orexin-A-induced neuroprotection through a dramatic rescue of the dopaminergic neuronal death (Figure 5).

Accumulating evidence suggested that a major effect of orexin-A signaling is to increase the locomotor activity. Early studies demonstrated that i.c.v. administration of orexin-A or microinjection of orexin-A into certain nucleus, such as hypothalamic paraventricular nucleus, rostral lateral hypothalamic area and nucleus accumbens, locus coeruleus, dorsal raphe nucleus, tuberomammillary nucleus and substantia nigra, apparently elevates the spontaneous physical activity (Kotz et al., 2002, 2006; Kiwaki et al., 2004; Thorpe and Kotz, 2005; Teske et al., 2013). In addition to the neuroprotective effects of orexin-A on dopaminergic neurons, the excitatory effects of orexin-A may also participate in the improvement of motor behavior. Electrophysiological studies showed that orexins increase the firing rate of neurons participating in motor control. For example, orexins excite the neurons of cerebellar interpositus nucleus (Yu et al., 2010) and globus pallidus internus in rat (Gao et al., 2017). Our previous study also revealed that orexins increase the firing rate of the subthalamic neurons (Sheng et al., 2018) and globus pallidus neurons in rats (Xue et al., 2016). All these findings indicate that orexin-A might be a potential target for the treatment of parkinsonian motor deficiency. In present study, we demonstrated that chronic i.c.v. administration of orexin-A improved the motor activity of MPTP parkinsonian mice. Orexin-A treated mice showed a significant improvement in pole test on both day 2 and day 8 (Figures 3A,B). However, only temporary improvement (on day 1) in physical activity was observed in open field test after the treatment of orexin-A (Figure 3C). We interpreted that the increased spontaneous physical activity of orexin-A treatment on day 1 might be partially associated with the direct excitatory effect of orexin-A on some motor function associated central neurons, while the prolonged motor improvement is probably due to its neuroprotection on dopaminergic neurons in SNpc. Consistently, our recent published work confirmed that orexin-A increases the spontaneous firing rate of dopaminergic neurons in the SNpc (Liu C. et al., 2018).

Cognitive abnormalities are common symptoms in parkinsonian patients (Angelucci et al., 2015; Wang et al., 2016) and animal models (De Leonibus et al., 2007). Management of cognitive problems of parkinsonian patients may help to improve their quality of life. Recent studies have suggested that orexins are involved in learning and memory processes. Orexin-deficient mice exhibit impairments in spatial working memory (Dang et al., 2018) and two-way active avoidance memory (Mavanji et al., 2017), while orexin-A replacement restores the cognitive impairment (Mavanji et al., 2017). Furthermore, orexin-A enhances hippocampal neurogenesis and attenuates memory deficits in rats with hippocampal atrophy induced by pentylenetetrazol (Zhao et al., 2014). Orexin-A also improves memory deficiency in a mouse model of Alzheimer’s disease (Jaeger et al., 2002). Importantly, intravenous or intranasal administration of orexin-A to non-human primates rescues cognitive impairments due to sleep-deprivation (Deadwyler et al., 2007). The protection of orexin-A on cognition is considered to be relevant with enhancing long-term potentiation (Wayner et al., 2004; Akbari et al., 2008, 2011), and positively related to the neurogenesis and synaptic plasticity in hippocampus (Stoyanova et al., 2010, 2012; Yang et al., 2013; Zhao et al., 2014). In present study, we demonstrated that chronic i.c.v. administration of orexin-A for 8 days significantly improved the performance of MPTP-treated mice in Morris water maze test (Figure 4). It should be mentioned that the Morris water maze test was conducted on day 9 to day 15 after the treatment. Therefore, it is reasonable to assume that the enhanced neurogenesis and synaptic plasticity in hippocampus might account for the improvement of orexin-A on the cognition of parkinsonian mice. However, the direct excitatory effects of orexin-A on hippocampal neurons (Chen et al., 2017) may also be involved in the cognitive improvement in the present study.

Growing evidence indicated that the substantia nigra is involved in learning and memory processing. Experiments with foot shock test showed that post-trial electrical stimulation in SNpc disrupts retention performance of rats (Routtenberg and Holzman, 1973). A rat model of PD induced by intranigral administration of MPTP shows obvious memory disabilities (Da Cunha et al., 2002). Furthermore, post-training infusion of lidocaine into the substantia nigra produces marked memory deficits (Salado-Castillo et al., 2011). Recent study revealed that the substantia nigra participates in the hippocampal-basal ganglia-frontal cortex loop, and accounts for the encoding of information into long-term declarative memory (Kaminski et al., 2018). These studies collectively indicated that the substantia nigra is an important brain structure involved in memory processing. Thus, we assumed that the improvement of orexin-A on cognition of MPTP parkinsonian mice might be partially due to its protection on dopamingeric neurons in SNpc.

Orexin-A Increased the Protein Expression of BDNF in the Dopaminergic Neurons of Substantia Nigra in MPTP-Treated Mice and Normal Mice

Brain-derived neurotrophic factor has potent effects on both survival and neurite outgrowth from nigral dopaminergic neurons, and low levels of BDNF might be correlated with PD. Previous studies showed that the mRNA expression of BDNF reduces in the substantia nigra of parkinsonian patients (Howells et al., 2000), and the inhibition of BDNF expression leads to the loss of nigral dopaminergic neurons (Porritt et al., 2005; Fumagalli et al., 2006). Chronic deprivation of BDNF-TrkB signaling pathway leads to selective late-onset nigrostriatal dopaminergic degeneration (Baydyuk et al., 2011a,b). In addition, epidemiological studies showed that low serum levels of BDNF are associated with the motor (Scalzo et al., 2010) and cognitive impairments (Angelucci et al., 2015; Khalil et al., 2016; Wang et al., 2016) in parkinsonian patients. Thus, novel drugs enhancing the biosynthesis of BDNF are considered to be putative therapeutics to prevent the ongoing neurodegenerative of PD.

It is known that orexin-A plays an important role in the regulation of neuroendocrine in the organism (Lopez et al., 2010). There are complex connections between orexins and other hormones, such as corticotrophin-releasing hormone (Lopez et al., 2010), growth hormones (Lopez et al., 2004; Seoane et al., 2004) and neuropeptide Y (Jaszberenyi et al., 2001; Lopez et al., 2002). Previous in vitro studies with SH-SY5Y cells showed that orexin-A at the dose of 50 nM induces the expression of vascular endothelial growth factor and erythropoietin (Feng et al., 2014). Moreover, it was reported that hypothalamic BDNF is essential for the orexin-A-induced protection on glucose intolerance and neuronal damage in the cerebral ischemic perfusion mice model (Harada et al., 2013). As orexin-A and BDNF have similar functions in many physiological processes and diseases (Chieffi et al., 2017a,b), and nigral dopaminergic neurons have the ability to produce BDNF for neuroprotection via either autocrine or paracrine mechanisms (Chun et al., 2000; Howells et al., 2000), we hypothesized that the present orexin-A-induced neuroprotection may be associated with the production of BDNF. However there is no study revealing that orexin-A modulates the expression of BDNF in dopaminergic neurons. It was reported that both orexin-A and orexin-B significantly increase the mRNA expression of neurotrophin-3 (NT3) at 10 nM in rat primary cortical neurons. Orexin-B increases the mRNA level of BDNF in primary cortical neuron by twofold at a rather high concentration of 1 μM for 6 days of incubation, while orexin-A does not have such an effect even at the same condition (Yamada et al., 2009). These findings suggest that orexin-A may be a potent inducer for NT3, but not for BDNF in the cerebral cortex. The present study demonstrated that orexin-A increased the expression of BDNF in dopaminergic neurons both in vivo and in vitro. Orexin-A treatment restored the reduced protein level of BDNF in MPTP-treated mice, and the protein levels of BDNF in the substantia nigra and striatum were even higher than that in control group (Figure 6A). These results suggested that the restoration of BDNF induced by orexin-A treatment is not merely owing to the protection on dopaminergic neurons, but also due to the induction of BDNF in the survival neurons. Furthermore, in normal mice, i.c.v. microinjection with orexin-A also increased the protein levels of BDNF and TH in the striatum (Figure 6B), which was further confirmed in SH-SY5Y human dopaminergic neuroblastoma cells (Figure 7B). Orexin-A induced the BDNF expression at a very low concentration of 0.1 nM in SH-SY5Y cells. These data indicated that orexin-A might be a special and potent inducer of BDNF in the dopaminergic neurons.

Orexins are also considered to be crucial regulators of monoaminergic neurotransmission. Orexin-induced hyperlocomotion is mediated by the dopaminergic system (Nakamura et al., 2000), the striatal dopaminergic system is altered in vivo in human narcolepsy (Eisensehr et al., 2003). The reduced TH mRNA expression was observed in the locus coeruleus of macaques, which was resulted from the age-related decrease of orexin inputs (Downs et al., 2007). These data indicated the regulatory role of orexin-A on dopamine synthesis and TH expression. Here, we demonstrated that orexin-A increased the protein expression of TH accompanied with BDNF both in vivo and in vitro. Therefore, in addition to indirect modulation by BDNF, the possible direct modulation on TH expression might be another explanation for orexin-A-induced neuroprotection in MPTP-induced parkinsonian mice.

OX1R Was Involved in Orexin-A Induced Neuroprotection

Orexin-A performed biological effects by OX1R and OX2R with different signaling pathways, such as cAMP-PKA, PLC, PKC, PI3K, and MAPKs (Johansson et al., 2007; Wu et al., 2013; Chen et al., 2015; Kukkonen, 2017). OX1R is 30–100 times more responsive to orexin-A than orexin-B (Marcus et al., 2001). SB334867 is the selective OX1R antagonist, which is at least 50-fold selective over OX2R (Smart et al., 2001). Here, we found that SB334867 could antagonize orexin-A-induced protective effects on MPTP mice (Figures 3–5), which indicated that the protective effect of orexin-A is mainly medicated by OX1R although both of the orexinergic receptors are expressed on dopaminergic neurons of SNpc. Our findings are consistent with other studies showing that orexin-A exerts its function mainly through OX1R. For example, orexin-A increases the firing activity of hippocampal CA1 neurons through OX1R (Chen et al., 2017). Orexin-A signaling via OX1R in the periaquaductal gray area induces analgesia through cannabinoid-induced retrograde inhibition (Esmaeili et al., 2016). Furthermore, orexin-A increases the expression of BDNF through OX1R in the hypothalamus (Harada et al., 2013). Recent study showed that OX1R antagonist completely prevented orexin-A-induced neuroprotective effects against 6-OHDA-induced toxicity in SH-SY5Y cells (Pasban-Aliabadi et al., 2017) and a rat model of PD (Hadadianpour et al., 2017). The signaling pathways related to the effects of orexin-A on BDNF were further investigated. Consistently, we demonstrated that OX1R antagonist SB334867 could also prevent orexin-A-induced upregulation of BDNF (Figure 8A). Furthermore, our data showed that both PI3K inhibitor LY294002 and PKC inhibitor GF109203X abolished the upregulation of BDNF (Figure 8B). These data suggested that the orexin-A-induced upregulation of BDNF is mainly mediated by OX1R via PI3K and PKC signaling pathways. The signaling pathways for BDNF upregulation are in accordance with the neuroprotective pathways of orexin-A in the same cell lines (Pasban-Aliabadi et al., 2017).

CONCLUSION

The present study identified that orexin-A exerts neuroprotective effects on MPTP-induced mouse model of PD. The upregulation of BDNF in dopaminergic neurons is involved in the neuroprotective mechanisms of orexin-A. And the effects of orexin-A on BDNF is mediated by OX1R via PI3K and PKC pathways. Our findings provide a rationale for the protection of orexin-A in PD. Further studies are needed to estimate the role of BDNF in orexin-A-induced dopaminergic neuroprotection through BDNF knockdown or knockout selectively in the SNpc.
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FIGURE S1 | The original image for the bands of tyrosine hydroxylase (TH) in Figure 7A. The expression of TH in SH-SY5Y cells was detected by immunoblot. The relative molecular weight of TH is about 55 kDa. The central band on the membrane was selected to represent the band of TH in Figure 7A.

FIGURE S2 | The original image for the bands of OX1R in Figure 7A. The expression of OX1R in SH-SY5Y cells was detected by immunoblot. The relative molecular weight of OX1R is about 48 kDa.

FIGURE S3 | The original image for the bands of pro BDNF and mature BDNF in Figure 7A. The expression of BDNF in SH-SY5Y cells was detected by immunoblot. The relative molecular weight of pro BDNF and mature BDNF are 32 kDa and 14 kDa, separately.

FIGURE S4 | The original image for the bands of β-actin in Figure 7A. After the staining of BDNF, the membrane was used for the detection of β-actin. Because of the antigen cross reaction, besides the bands of β-actin, the bands of BDNF were also detected in the membrane.

FIGURE S5 | Relative position for the protein bands of OX1R, β-actin, pro BDNF and mature BDNF. The four protein bands are drawn from the same gel. The PVDF membrane was split into two parts for the detection of different proteins. The central bands in the picture were selected to be shown in Figure 7A.

FIGURE S6 | The original image for the bands of PI3K in Figure 8B. This membrane includes the protein above 50 kDa. The membrane was used for the detection of PI3K, which has a relative molecular weight of 85 kDa.

FIGURE S7 | The original image for the bands of TH in Figure 8B. This membrane with proteins above 50 kDa was also used for the detection of TH. The relative molecular weight of TH is 55 kDa.

FIGURE S8 | The original image for the bands of β-actin in Figure 8B. The membrane with proteins between 40 kDa and 50 kDa was used for the detection of β-actin, which serving as a loading control.

FIGURE S9 | The original image for the band of BDNF in Figure 8B. The membrane containing proteins less than 40 kDa was used for the detection of BDNF.

FIGURE S10 | The original image of Figure 8B. The protein bands of PI3K, TH, BDNF, and β-actin are from one gel. To make the bands concise and potent, we deleted several parallel bands in the center (three bands in orexin-A alone group and one band in orexin-A plus LY294002 group) and two irrelevant bands at the right side. The deleted areas have been pointed out by red frames.

ABBREVIATIONS

BDNF, brain-derived neurotrophic factor; MPTP, 1-methyl-4-phenyl-1, 2, 3, 6- tetrahydropyridine; OX1R, orexinergic receptor 1; OX2R, orexinergic receptor 2; PD, Parkinson’s disease; SNpc, substantia nigra pars compacta; TH, tyrosine hydroxylase.

REFERENCES

Akbari, E., Motamedi, F., Davoodi, F. G., Noorbakhshnia, M., and Ghanbarian, E. (2011). Orexin-1 receptor mediates long-term potentiation in the dentate gyrus area of freely moving rats. Behav. Brain Res. 216, 375–380. doi: 10.1016/j.bbr.2010.08.017

Akbari, E., Motamedi, F., Naghdi, N., and Noorbakhshnia, M. (2008). The effect of antagonization of orexin 1 receptors in CA1 and dentate gyrus regions on memory processing in passive avoidance task. Behav. Brain Res. 187, 172–177. doi: 10.1016/j.bbr.2007.09.019

Angelucci, F., Peppe, A., Carlesimo, G. A., Serafini, F., Zabberoni, S., Barban, F., et al. (2015). A pilot study on the effect of cognitive training on BDNF serum levels in individuals with Parkinson’s disease. Front. Hum. Neurosci. 9:130. doi: 10.3389/fnhum.2015.00130

Baumann, C. R., Scammell, T. E., and Bassetti, C. L. (2008). Parkinson’s disease, sleepiness and hypocretin/orexin. Brain 131:e91. doi: 10.1093/brain/awm220

Baydyuk, M., Nguyen, M. T., and Xu, B. (2011a). Chronic deprivation of TrkB signaling leads to selective late-onset nigrostriatal dopaminergic degeneration. Exp. Neurol. 228, 118–125. doi: 10.1016/j.expneurol.2010.12.018

Baydyuk, M., Russell, T., Liao, G. Y., Zang, K., An, J. J., Reichardt, L. F., et al. (2011b). TrkB receptor controls striatal formation by regulating the number of newborn striatal neurons. Proc. Natl. Acad. Sci. U.S.A. 108, 1669–1674. doi: 10.1073/pnas.1004744108

Beitz, J. M. (2014). Parkinson’s disease: a review. Front. Biosci. 6:65–74. doi: 10.2741/S415

Bensaid, M., Tande, D., Fabre, V., Michel, P. P., Hirsch, E. C., and Francois, C. (2015). Sparing of orexin-A and orexin-B neurons in the hypothalamus and of orexin fibers in the substantia nigra of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated macaques. Eur. J. Neurosci. 41, 129–136. doi: 10.1111/ejn.12761

Chen, J., Zhang, R., Chen, X., Wang, C., Cai, X., Liu, H., et al. (2015). Heterodimerization of human orexin receptor 1 and kappa opioid receptor promotes protein kinase A/cAMP-response element binding protein signaling via a Galphas-mediated mechanism. Cell. Signal. 27, 1426–1438. doi: 10.1016/j.cellsig.2015.03.027

Chen, X. Y., Chen, L., and Du, Y. F. (2017). Orexin-A increases the firing activity of hippocampal CA1 neurons through orexin-1 receptors. J. Neurosci. Res. 95, 1415–1426. doi: 10.1002/jnr.23975

Chieffi, S., Carotenuto, M., Monda, V., Valenzano, A., Villano, I., Precenzano, F., et al. (2017a). Orexin system: the key for a healthy life. Front. Physiol. 8:357. doi: 10.3389/fphys.2017.00357

Chieffi, S., Messina, G., Villano, I., Messina, A., Esposito, M., Monda, V., et al. (2017b). Exercise influence on hippocampal function: possible involvement of orexin-A. Front. Physiol. 8:85. doi: 10.3389/fphys.2017.00085

Chieffi, S., Messina, G., Villano, I., Messina, A., Valenzano, A., Moscatelli, F., et al. (2017c). Neuroprotective effects of physical activity: evidence from human and animal studies. Front. Neurol. 8:188. doi: 10.3389/fneur.2017.00188

Chun, H. S., Son, J. J., and Son, J. H. (2000). Identification of potential compounds promoting BDNF production in nigral dopaminergic neurons: clinical implication in Parkinson’s disease. Neuroreport 11, 511–514. doi: 10.1097/00001756-200002280-200002217

Cluderay, J. E., Harrison, D. C., and Hervieu, G. J. (2002). Protein distribution of the orexin-2 receptor in the rat central nervous system. Regul. Pept. 104, 131–144. doi: 10.1016/s0167-0115(01)00357-353

Cui, L. B., Li, B. W., Jin, X. H., Zhao, L., and Shi, J. (2010). Progressive changes of orexin system in a rat model of 6-hydroxydopamine-induced Parkinson’s disease. Neurosci. Bull. 26, 381–387. doi: 10.1007/s12264-010-0410-9

Cutler, D. J., Morris, R., Sheridhar, V., Wattam, T. A., Holmes, S., Patel, S., et al. (1999). Differential distribution of orexin-A and orexin-B immunoreactivity in the rat brain and spinal cord. Peptides 20, 1455–1470. doi: 10.1016/s0196-9781(99)00157-156

Da Cunha, C., Angelucci, M. E., Canteras, N. S., Wonnacott, S., and Takahashi, R. N. (2002). The lesion of the rat substantia nigra pars compacta dopaminergic neurons as a model for Parkinson’s disease memory disabilities. Cell. Mol. Neurobiol. 22, 227–237. doi: 10.1023/A:1020736131907

Dang, R., Chen, Q., Song, J., He, C., Zhang, J., Xia, J., et al. (2018). Orexin knockout mice exhibit impaired spatial working memory. Neurosci. Lett. 668, 92–97. doi: 10.1016/j.neulet.2018.01.013

De Leonibus, E., Pascucci, T., Lopez, S., Oliverio, A., Amalric, M., and Mele, A. (2007). Spatial deficits in a mouse model of Parkinson disease. Psychopharmacology 194, 517–525. doi: 10.1007/s00213-007-0862-864

Deadwyler, S. A., Porrino, L., Siegel, J. M., and Hampson, R. E. (2007). Systemic and nasal delivery of orexin-A (Hypocretin-1) reduces the effects of sleep deprivation on cognitive performance in nonhuman primates. J. Neurosci. 27, 14239–14247. doi: 10.1523/JNEUROSCI.3878-07.2007

Dell, L. A., Kruger, J. L., Pettigrew, J. D., and Manger, P. R. (2013). Cellular location and major terminal networks of the orexinergic system in the brain of two megachiropterans. J. Chem. Neuroanat. 53, 64–71. doi: 10.1016/j.jchemneu.2013.09.001

Downs, J. L., Dunn, M. R., Borok, E., Shanabrough, M., Horvath, T. L., Kohama, S. G., et al. (2007). Orexin neuronal changes in the locus coeruleus of the aging rhesus macaque. Neurobiol. Aging 28, 1286–1295. doi: 10.1016/j.neurobiolaging.2006.05.025

Drouot, X., Moutereau, S., Nguyen, J. P., Lefaucheur, J. P., Creange, A., Remy, P., et al. (2003). Low levels of ventricular CSF orexin/hypocretin in advanced PD. Neurology 61, 540–543. doi: 10.1212/01.wnl.0000078194.53210.48

Eisensehr, I., Linke, R., Tatsch, K., von Lindeiner, H., Kharraz, B., Gildehaus, F. J., et al. (2003). Alteration of the striatal dopaminergic system in human narcolepsy. Neurology 60, 1817–1819. doi: 10.1212/01.wnl.0000069608.84542.46

Esmaeili, M. H., Reisi, Z., Ezzatpanah, S., and Haghparast, A. (2016). Functional interaction between orexin-1 and CB1 receptors in the periaqueductal gray matter during antinociception induced by chemical stimulation of the lateral hypothalamus in rats. Eur. J. Pain 20, 1753–1762. doi: 10.1002/ejp.899

Esmaeili-Mahani, S., Vazifekhah, S., Pasban-Aliabadi, H., Abbasnejad, M., and Sheibani, V. (2013). Protective effect of orexin-A on 6-hydroxydopamine-induced neurotoxicity in SH-SY5Y human dopaminergic neuroblastoma cells. Neurochem. Int. 63, 719–725. doi: 10.1016/j.neuint.2013.09.022

Feng, Y., Liu, T., Li, X. Q., Liu, Y., Zhu, X. Y., Jankovic, J., et al. (2014). Neuroprotection by orexin-A via HIF-1alpha induction in a cellular model of Parkinson’s disease. Neurosci. Lett. 579, 35–40. doi: 10.1016/j.neulet.2014.07.014

Fronczek, R., Overeem, S., Lee, S. Y., Hegeman, I. M., van Pelt, J., van Duinen, S. G., et al. (2007). Hypocretin (orexin) loss in Parkinson’s disease. Brain 130(Pt 6), 1577–1585. doi: 10.1093/brain/awm090

Fumagalli, F., Racagni, G., and Riva, M. A. (2006). Shedding light into the role of BDNF in the pharmacotherapy of Parkinson’s disease. Pharmacogenomics J. 6, 95–104. doi: 10.1038/sj.tpj.6500360

Gao, H. R., Zhuang, Q. X., Zhang, Y. X., Chen, Z. P., Li, B., Zhang, X. Y., et al. (2017). Orexin directly enhances the excitability of globus pallidus internus neurons in rat by Co-activating OX1 and OX2 receptors. Neurosci. Bull. 33, 365–372. doi: 10.1007/s12264-017-0127-120

Hadadianpour, Z., Fatehi, F., Ayoobi, F., Kaeidi, A., Shamsizadeh, A., and Fatemi, I. (2017). The effect of orexin-A on motor and cognitive functions in a rat model of Parkinson’s disease. Neurol. Res. 39, 845–851. doi: 10.1080/01616412.2017.1352185

Harada, S., Yamazaki, Y., and Tokuyama, S. (2013). Orexin-A suppresses postischemic glucose intolerance and neuronal damage through hypothalamic brain-derived neurotrophic factor. J. Pharmacol. Exp. Ther. 344, 276–285. doi: 10.1124/jpet.112.199604

Harms, L. R., Eyles, D. W., McGrath, J. J., Mackay-Sim, A., and Burne, T. H. (2008). Developmental vitamin D deficiency alters adult behaviour in 129/SvJ and C57BL/6J mice. Behav. Brain Res. 187, 343–350. doi: 10.1016/j.bbr.2007.09.032

Hervieu, G. J., Cluderay, J. E., Harrison, D. C., Roberts, J. C., and Leslie, R. A. (2001). Gene expression and protein distribution of the orexin-1 receptor in the rat brain and spinal cord. Neuroscience 103, 777–797. doi: 10.1016/S0306-4522(01)00033-1

Hornykiewicz, O. (1975). Parkinson’s disease and its chemotherapy. Biochem. Pharmacol. 24, 1061–1065. doi: 10.1016/0006-2952(75)90190-2

Hornykiewicz, O., and Kish, S. J. (1987). Biochemical pathophysiology of Parkinson’s disease. Adv. Neurol. 45, 19–34.

Howells, D. W., Porritt, M. J., Wong, J. Y., Batchelor, P. E., Kalnins, R., Hughes, A. J., et al. (2000). Reduced BDNF mRNA expression in the Parkinson’s disease substantia nigra. Exp. Neurol. 166, 127–135. doi: 10.1006/exnr.2000.7483

Hu, B., Yang, N., Qiao, Q. C., Hu, Z. A., and Zhang, J. (2015). Roles of the orexin system in central motor control. Neurosci. Biobehav. Rev. 49, 43–54. doi: 10.1016/j.neubiorev.2014.12.005

Jaeger, L. B., Farr, S. A., Banks, W. A., and Morley, J. E. (2002). Effects of orexin-A on memory processing. Peptides 23, 1683–1688. doi: 10.1016/S0196-9781(02)00110-9

Jaszberenyi, M., Bujdoso, E., and Telegdy, G. (2001). The role of neuropeptide Y in orexin-induced hypothalamic-pituitary-adrenal activation. J. Neuroendocrinol. 13, 438–441. doi: 10.1046/j.1365-2826.2001.00654.x

Johansson, L., Ekholm, M. E., and Kukkonen, J. P. (2007). Regulation of OX1 orexin/hypocretin receptor-coupling to phospholipase C by Ca2 + influx. Br. J. Pharmacol. 150, 97–104. doi: 10.1038/sj.bjp.0706959

Kaminski, J., Mamelak, A. N., Birch, K., Mosher, C. P., Tagliati, M., and Rutishauser, U. (2018). Novelty-sensitive dopaminergic neurons in the human substantia nigra predict success of declarative memory formation. Curr. Biol. 28, 1333–1343. doi: 10.1016/j.cub.2018.03.024

Khalil, H., Alomari, M. A., Khabour, O. F., Al-Hieshan, A., and Bajwa, J. A. (2016). Relationship of circulatory BDNF with cognitive deficits in people with Parkinson’s disease. J. Neurol. Sci. 362, 217–220. doi: 10.1016/j.jns.2016.01.032

Kiwaki, K., Kotz, C. M., Wang, C., Lanningham-Foster, L., and Levine, J. A. (2004). Orexin A (hypocretin 1) injected into hypothalamic paraventricular nucleus and spontaneous physical activity in rats. Am. J. Physiol. Endocrinol. Metab. 286, E551–E559. doi: 10.1152/ajpendo.00126.2003

Korotkova, T. M., Eriksson, K. S., Haas, H. L., and Brown, R. E. (2002). Selective excitation of GABAergic neurons in the substantia nigra of the rat by orexin/hypocretin in vitro. Regul. Pept. 104, 83–89. doi: 10.1016/S0167-0115(01)00323-8

Kotz, C. M., Teske, J. A., Levine, J. A., and Wang, C. (2002). Feeding and activity induced by orexin A in the lateral hypothalamus in rats. Regul. Pept. 104, 27–32. doi: 10.1016/S0167-0115(01)00346-9

Kotz, C. M., Wang, C., Teske, J. A., Thorpe, A. J., Novak, C. M., Kiwaki, K., et al. (2006). Orexin A mediation of time spent moving in rats: neural mechanisms. Neuroscience 142, 29–36. doi: 10.1016/j.neuroscience.2006.05.028

Kukkonen, J. P. (2017). Orexin/hypocretin signaling. Curr. Top. Behav. Neurosci. 33, 17–50. doi: 10.1007/7854-2016-49

Li, J., Hu, Z., and de Lecea, L. (2014). The hypocretins/orexins: integrators of multiple physiological functions. Br. J. Pharmacol. 171, 332–350. doi: 10.1111/bph.12415

Liu, C., Xue, Y., Liu, M. F., Wang, Y., Liu, Z. R., Diao, H. L., et al. (2018). Orexins increase the firing activity of nigral dopaminergic neurons and participate in motor control in rats. J. Neurochem. doi: 10.1111/jnc.14568 [Epub ahead of print].

Liu, Q., Xu, Y., Wan, W., and Ma, Z. (2018). An unexpected improvement in spatial learning and memory ability in alpha-synuclein A53T transgenic mice. J. Neural Transm. 125, 203–210. doi: 10.1007/s00702-017-1819-3

Lopez, M., Seoane, L. M., Garcia Mdel, C., Dieguez, C., and Senaris, R. (2002). Neuropeptide Y, but not agouti-related peptide or melanin-concentrating hormone, is a target peptide for orexin-A feeding actions in the rat hypothalamus. Neuroendocrinology 75, 34–44. doi: 10.1159/000048219

Lopez, M., Seoane, L. M., Tovar, S., Nogueiras, R., Dieguez, C., and Senaris, R. (2004). Orexin-A regulates growth hormone-releasing hormone mRNA content in a nucleus-specific manner and somatostatin mRNA content in a growth hormone-dependent fashion in the rat hypothalamus. Eur. J. Neurosci. 19, 2080–2088. doi: 10.1111/j.0953-816X.2004.03318.x

Lopez, M., Tena-Sempere, M., and Dieguez, C. (2010). Cross-talk between orexins (hypocretins) and the neuroendocrine axes (hypothalamic-pituitary axes). Front. Neuroendocrinol. 31:113–127. doi: 10.1016/j.yfrne.2009.07.001

Marcus, J. N., Aschkenasi, C. J., Lee, C. E., Chemelli, R. M., Saper, C. B., Yanagisawa, M., et al. (2001). Differential expression of orexin receptors 1 and 2 in the rat brain. J. Comp. Neurol. 435, 6–25. doi: 10.1002/cne.1190

Matsuura, K., Kabuto, H., Makino, H., and Ogawa, N. (1997). Pole test is a useful method for evaluating the mouse movement disorder caused by striatal dopamine depletion. J. Neurosci. Methods 73, 45–48. doi: 10.1016/s0165-0270(96)02211-x

Mavanji, V., Butterick, T. A., Duffy, C. M., Nixon, J. P., Billington, C. J., and Kotz, C. M. (2017). Orexin/hypocretin treatment restores hippocampal-dependent memory in orexin-deficient mice. Neurobiol. Learn. Mem. 146, 21–30. doi: 10.1016/j.nlm.2017.10.014

Meerwaldt, J. D., and Hovestadt, A. (1988). Cognition in parkinsonism. Neurology 38, 1814–1815. doi: 10.1212/WNL.38.11.1814-a

Messina, G., Di Bernardo, G., Viggiano, A., De Luca, V., Monda, V., Messina, A., et al. (2016). Exercise increases the level of plasma orexin A in humans. J. Basic. Clin. Physiol. Pharmacol. 27, 611–616. doi: 10.1515/jbcpp-2015-0133

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning in the rat. J. Neurosci. Methods 11, 47–60. doi: 10.1016/0165-0270(84)90007-4

Nakamura, T., Uramura, K., Nambu, T., Yada, T., Goto, K., Yanagisawa, M., et al. (2000). Orexin-induced hyperlocomotion and stereotypy are mediated by the dopaminergic system. Brain Res. 873, 181–187. doi: 10.1016/S0006-8993(00)02555-5

Pasban-Aliabadi, H., Esmaeili-Mahani, S., and Abbasnejad, M. (2017). Orexin-A protects human neuroblastoma SH-SY5Y cells against 6-hydroxydopamine-induced neurotoxicity: involvement of PKC and PI3K signaling pathways. Rejuvenation Res. 20, 125–133. doi: 10.1089/rej.2016.1836

Paxinos, G., and Franklin, K. B. J. (2004). The Mouse Brain in Stereotaxic Coordinates. Boston: Elsevier Academic Press.

Peyron, C., Tighe, D. K., van den Pol, A. N., de Lecea, L., Heller, H. C., Sutcliffe, J. G., et al. (1998). Neurons containing hypocretin (orexin) project to multiple neuronal systems. J. Neurosci. 18, 9996–10015. doi: 10.1523/jneurosci.18-23-09996.1998

Porritt, M. J., Batchelor, P. E., and Howells, D. W. (2005). Inhibiting BDNF expression by antisense oligonucleotide infusion causes loss of nigral dopaminergic neurons. Exp. Neurol. 192, 226–234. doi: 10.1016/j.expneurol.2004.11.030

Real, C. C., Ferreira, A. F., Chaves-Kirsten, G. P., Torrao, A. S., Pires, R. S., and Britto, L. R. (2013). BDNF receptor blockade hinders the beneficial effects of exercise in a rat model of Parkinson’s disease. Neuroscience 237, 118–129. doi: 10.1016/j.neuroscience.2013.01.060

Routtenberg, A., and Holzman, N. (1973). Memory disruption by electrical stimulation of substantia nigra, pars compacta. Science 181, 83–86. doi: 10.1126/science.181.4094.83

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, I., Chemelli, R. M., Tanaka, H., et al. (1998). Orexins and orexin receptors: a family of hypothalamic neuropeptides and G protein-coupled receptors that regulate feeding behavior. Cell 92, 573–585. doi: 10.1016/S0092-8674(00)80949-6

Salado-Castillo, R., Sanchez-Alavez, M., Quirarte, G. L., Martinez Garcia, M. I., and Prado-Alcala, R. A. (2011). Enhanced training protects memory against amnesia produced by concurrent inactivation of amygdala and striatum, amygdala and substantia nigra, or striatum and substantia nigra. Front. Behav. Neurosci. 5:83. doi: 10.3389/fnbeh.2011.00083

Scalzo, P., Kummer, A., Bretas, T. L., Cardoso, F., and Teixeira, A. L. (2010). Serum levels of brain-derived neurotrophic factor correlate with motor impairment in Parkinson’s disease. J. Neurol. 257, 540–545. doi: 10.1007/s00415-009-5357-2

Schmitt, O., Usunoff, K. G., Lazarov, N. E., Itzev, D. E., Eipert, P., Rolfs, A., et al. (2012). Orexinergic innervation of the extended amygdala and basal ganglia in the rat. Brain Struct. Funct. 217, 233–256. doi: 10.1007/s00429-011-0343-8

Seoane, L. M., Tovar, S. A., Perez, D., Mallo, F., Lopez, M., Senaris, R., et al. (2004). Orexin a suppresses in vivo GH secretion. Eur. J. Endocrinol. 150, 731–736. doi: 10.1530/eje.0.1500731

Sheng, Q., Xue, Y., Wang, Y., Chen, A. Q., Liu, C., Liu, Y. H., et al. (2018). The subthalamic neurons are activated by both orexin-A and orexin-B. Neuroscience 369, 97–108. doi: 10.1016/j.neuroscience.2017.11.008

Smart, D., Sabido-David, C., Brough, S. J., Jewitt, F., Johns, A., Porter, R. A., et al. (2001). SB-334867-A: the first selective orexin-1 receptor antagonist. Br. J. Pharmacol. 132, 1179–1182. doi: 10.1038/sj.bjp.0703953

Stahl, K., Mylonakou, M. N., Skare, O., Amiry-Moghaddam, M., and Torp, R. (2011). Cytoprotective effects of growth factors: BDNF more potent than GDNF in an organotypic culture model of Parkinson’s disease. Brain Res. 1378, 105–118. doi: 10.1016/j.brainres.2010.12.090

Stoyanova, I. I., Rutten, W. L., and le Feber, J. (2010). Orexin-A and orexin-B during the postnatal development of the rat brain. Cell. Mol. Neurobiol. 30, 81–89. doi: 10.1007/s10571-009-9433-z

Stoyanova, I. I., Rutten, W. L., and le Feber, J. (2012). Orexin a in cortical cultures: expression and effect on synaptogenesis during development. Cell. Mol. Neurobiol. 32, 49–57. doi: 10.1007/s10571-011-9733-y

Teske, J. A., Perez-Leighton, C. E., Billington, C. J., and Kotz, C. M. (2013). Role of the locus coeruleus in enhanced orexin A-induced spontaneous physical activity in obesity-resistant rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R1337–R1345. doi: 10.1152/ajpregu.00229.2013

Thannickal, T. C., Lai, Y. Y., and Siegel, J. M. (2007). Hypocretin (orexin) cell loss in Parkinson’s disease. Brain 130, 1586–1595. doi: 10.1093/brain/awm097

Thorpe, A. J., and Kotz, C. M. (2005). Orexin A in the nucleus accumbens stimulates feeding and locomotor activity. Brain Res. 1050, 156–162. doi: 10.1016/j.brainres.2005.05.045

Tsukahara, T., Takeda, M., Shimohama, S., Ohara, O., and Hashimoto, N. (1995). Effects of brain-derived neurotrophic factor on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism in monkeys. Neurosurgery 37, 733–741. doi: 10.1227/00006123-199510000-00018

Wang, Y., Liu, H., Zhang, B. S., Soares, J. C., and Zhang, X. Y. (2016). Low BDNF is associated with cognitive impairments in patients with Parkinson’s disease. Parkinsonism. Relat. Disord. 29, 66–71. doi: 10.1016/j.parkreldis.2016.05.023

Wayner, M. J., Armstrong, D. L., Phelix, C. F., and Oomura, Y. (2004). Orexin-A (Hypocretin-1) and leptin enhance LTP in the dentate gyrus of rats in vivo. Peptides 25, 991–996. doi: 10.1016/j.peptides.2004.03.018

Wu, W. N., Wu, P. F., Zhou, J., Guan, X. L., Zhang, Z., Yang, Y. J., et al. (2013). Orexin-A activates hypothalamic AMP-activated protein kinase signaling through a Ca(2)( + )-dependent mechanism involving voltage-gated L-type calcium channel. Mol. Pharmacol. 84, 876–887. doi: 10.1124/mol.113.086744

Xue, Y., Yang, Y. T., Liu, H. Y., Chen, W. F., Chen, A. Q., Sheng, Q., et al. (2016). Orexin-A increases the activity of globus pallidus neurons in both normal and parkinsonian rats. Eur. J. Neurosci. 44, 2247–2257. doi: 10.1111/ejn.13323

Yamada, N., Katsuura, G., Tatsuno, I., Kawahara, S., Ebihara, K., Saito, Y., et al. (2009). Orexins increase mRNA expressions of neurotrophin-3 in rat primary cortical neuron cultures. Neurosci. Lett. 450, 132–135. doi: 10.1016/j.neulet.2008.11.028

Yang, L., Zou, B., Xiong, X., Pascual, C., Xie, J., Malik, A., et al. (2013). Hypocretin/orexin neurons contribute to hippocampus-dependent social memory and synaptic plasticity in mice. J. Neurosci. 33, 5275–5284. doi: 10.1523/JNEUROSCI.3200-12.2013

Yasui, K., Inoue, Y., Kanbayashi, T., Nomura, T., Kusumi, M., and Nakashima, K. (2006). CSF orexin levels of Parkinson’s disease, dementia with Lewy bodies, progressive supranuclear palsy and corticobasal degeneration. J. Neurol. Sci. 250, 120–123. doi: 10.1016/j.jns.2006.08.004

Yu, L., Zhang, X. Y., Zhang, J., Zhu, J. N., and Wang, J. J. (2010). Orexins excite neurons of the rat cerebellar nucleus interpositus via orexin 2 receptors in vitro. Cerebellum 9, 88–95. doi: 10.1007/s12311-009-0146-0

Zhang, J., Li, B., Yu, L., He, Y. C., Li, H. Z., Zhu, J. N., et al. (2011). A role for orexin in central vestibular motor control. Neuron 69, 793–804. doi: 10.1016/j.neuron.2011.01.026

Zhang, X. Y., Yu, L., Zhuang, Q. X., Zhu, J. N., and Wang, J. J. (2013). Central functions of the orexinergic system. Neurosci. Bull. 29, 355–365. doi: 10.1007/s12264-012-1297-1294

Zhao, X., Zhang, R., Tang, S., Ren, Y., Yang, W., Liu, X., et al. (2014). Orexin-A-induced ERK1/2 activation reverses impaired spatial learning and memory in pentylenetetrazol-kindled rats via OX1R-mediated hippocampal neurogenesis. Peptides 54, 140–147. doi: 10.1016/j.peptides.2013.11.019

Zhou, Y., Takahashi, E., Li, W., Halt, A., Wiltgen, B., Ehninger, D., et al. (2007). Interactions between the NR2B receptor and CaMKII modulate synaptic plasticity and spatial learning. J. Neurosci. 27, 13843–13853. doi: 10.1523/JNEUROSCI.4486-07.2007

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Liu, Xue, Liu, Liu, Diao, Wang, Pan and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-12-00835-g005.jpg
*

*

E3 Ctl B Orexin-A+MPTP
EE3 MPTP  [D SB+orexin-A+MPTP
izizid
=

T T 1
o~ -= o

(enssi uteaq jo jyBiom jom Buwi/Bu)
winjen}s ayj ul Jusdjuod YAH

31

Lol o~ -~ o
(anssn ureuq jo yBiam jam BwyBu)

winjers ayj utjusjuod vdoa

JaVaAVAN

(enssy uleiq jo jyBiom jom Bw/Bu)
winjeLs ayj ul Juajuod ya

<

B3 Orexin-A+MPTP

E3 MPTP [ SB+orexin-A+MPTP

Striatum
B3 Ctl

Substantia nigra

nmaranmnn}

120+

&000&
1

(1043u09 Jo %001
S1I99 4IFHL

o

AA

T T
(=]

N O ©
- -

(103U09 JO %001)
sJaqy ai-

dLldiN+¥XO

dLldiN+¥XO+4S

HL

©
pag
2
P4

8
=
[
5]
S
[2]
o
S
w
&)

Striatum

actin

o

Orexin-A
MPTP+SB334867

Orexin-A

Saline

Saline

i.C.V.
i.p.

EA Ctrl

MPTP MPTP

Saline

-A+MPTP

AA

E Orexin-A+MPTP
D SB+orexin

3 MPTP

*kk
o
2

*

*
"

*
!

— T T 1711
e o o % N O
- - O O © © o

unoe-g/H1L

Striatum

Substantia nigra





OPS/images/fnins-12-00835-g006.jpg
§
i
§
H






OPS/images/fnins-12-00835-g003.jpg
/d
e Al
;}f
I
«fi,;ﬁ//@






OPS/images/fnins-12-00835-g004.jpg
A+MPTP

[ SB+orexin-A+MPTP

E3 Orexin

E3 Orexin-A+MPTP
[ SB+orexin-A+MPTP

&

&S & & - tH H Ly
o [=] o o
‘2l (<] © ™ W
(wo) pajjoAes; souBlSIp [B}OL B 2 i s HE HE
B m E ottt o e
& & &
& BuissoJo wioje|d m:_mwo._u wiope|d Buissoud waope|d
a g 5 b
B x ™ 10 ~
2 > > >
<3 L © 1] ©
_ W m 5 a (a] o
3568 .
ERN 2 3 h
(1]
L <+ w
2 I w (LI |
o £
S— | R
& e u M
a
3 g ) S 2 ? ] < 3 2 S ° 2 ) ) ©
(s) Aousye| adeosy (%) Buiures) yo awn juespend () Buiued jo awiy Jueipenp () Buiuey jo awy Jueipend





OPS/images/fnins-12-00835-g001.jpg
Inducation and treatment of MPTP-PD model After the cease of MPTP injection

7 days 3 days 5days Day01 2 78 9
I 11 i L B L
\ ) \ J \ J \ ) \
Y Y Y Y Y
Recovering MPTP

Pole test and ‘ MWM test

session injection and open field test

i.c.v. canulation

treatment

Brain harvest for

Brain harvest i
HPLC and WB Brain harvest

for WB analysis . for IHC analysis
analysis






OPS/images/fnins-12-00835-g002.jpg





OPS/images/cross.jpg
3,

i





OPS/images/fnins-12-00835-g007.jpg
CwnA 0 01 1 m w0 (W
P e o e 5100

c
OreinA M 0 1 3 6 2 240
PIOK e e o e






OPS/images/fnins-12-00835-g008.jpg
Orexin-A (1 nM) — # — + ctrl £ SB334867
SB334867 (1 HM) _ _ & § 2.0- E= Orexin-A IO SB334867+orexin-A

PISK e sy s— —
TH —— e ——

BDNF S — e

Protein level/p-actin

B-actin " ——

Orexin-A(1nM) — + + + o+ +
LY294002 (20|J|V|) — e $ + - — Ctrl E3 LY294002+orexin-A
Orexin-A @™ GF109203X+orexin-A
GF109203X (1uM) — — — — 4+ 4+ 204

*

PIK —— - e

BDNF —-- i —

[T

Protein level/3-actin

B-actin s — — — — —

o B
)
z
mm
e
w
=





OPS/images/cover.jpg
, frontiers

in Neuroscience

Orexin-A Exerts Neuroprotective
Effects via OX1R in Parkinson’s
Disease









OPS/images/logo.jpg
’ frontiers
in Neuroscience





